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A B S T R A C T . I n  th e  p resent paper, the  elastic scattering  cross‘Sections for a  60 k .v . 
electron beam  have been calculated  for several different elem ents from the  equations of MoliorC 
and Lenz. The v aria tio n  of th e  sca tterm g cross-section w ith  tho  apertu re angle and w ith  
the beam  voltage has been considered. The inelastic scattering  cross-sections for tho  sam e 
olomonts have also been es tim ated  from  Lenz equations. The values of diffeient crosB-sootions 
iiavo been com pared  and  th e ir  relative impori>ance in  th e  pioduct-ion of contrast- in  an electron 
iiiicrosoopio im age has been estim ated .
1. I N T R O D U C T I O N
Tho degree of seatteriiig of electrons in a specimen determines tho contrast 
111 the image formed by an electron microscope. Thin metallic films are often used 
foi- enhancing the contrast of biological specimens, because the electron scattering 
power of the specimen is then artificially increased due to deposit of heavy atoms 
on its surface. I t  is, therefore, important to estimate tho contrast to he expected 
lor the deposit of a known thickness of metal vapour.
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Pig. 1. E lastic  orOBS-section. da© to  Moliei*© and  Lonzfor 60 k.v. electrons as a  function of 
e for different ekm on ts.
In figure 1. a parallel beam of electrons is incident on the specimen The 
electrons are scattered in all directions and emerge out of tho specimen as a divei'- 
gent beam. The electrons scattered at angles less than 0 with the optic axis 
are allowed by the objective aperture and focussed by the lens on the image plane, 
while the electrons which are scattered beyond d are lost to the image.
The scattering by free electrons and multiple scattering are usually neglected 
ia electron microscopic specimens which are normally very thin. Tho incident
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electrons on encountering the specimen aie mainly scattered in two different 
ways ;
a) elastic scattering with no energy loss, but change of direction,
b) inelastic scattering resulting in excitation or ionisation of the atom.
The total scattering cross-section is, therefore, given by,
o- ^  <r^4(r, (1 )
where, ar^  =  elastic scattering cross-section, and cr^  =  inelastic scattering cross- 
section. (Tf and ar^  have been calculated in the following sections for uranium, 
gold, palladium and chromium —the elements frequently used in shadow casting 
cross-sections for carbon have also been estimated as all biological materials consist 
mostly of carbon.
IT. E L A S T I C  S C A T T E H I N G  C R O S S - S E C T ! O N  \
Various elastic scattering formulae have been proposed to estimate the scat­
tering cross-sections. Starting with the theory of differential corss-section of 
scattering by Williams (1939), Chaudhun (1952) of this laboratory derived a 
formula of elastic cross-section. In  his review, Von Borries (1949) favoured the 
formula of Moliere (1947) which is based on Thoinas-Formi atom model. But the 
formula derived by Lenz (1954) has been found to be in better agreement with 
experimental results by various investigators [Biberman (1949), Leonhard (1954), 
Haine and Agar (1956), Kompf and Lenz, 1956]. In  this paper scattering cross- 
sections based on both Mohere and Lonz-equations have been calculated aiul 
compared.
a) Elastic Scattering According to Moliere.
According to Moliere, for a beam of electrons of energy the differential 
cross-section of scattering per unit solid angle between an angle 0 and lor
fast electrons is given by,
d{NfN,) 
dQ dn
6.77 X 10-17 X Z2/3 . I >  —
(2)
where,
dQ =  2tt0 . do. 
a, =  0.1, 0.55, 0.35 
V  =  36, 1.44, 0.09 
4.17 Xe, =  -
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and 0 is defined in figure 1. With the usual aperture diameters of 2.75, 5.5, 
27.5, 55 and 276/t and object to aperture distance of 2.75 mm, we get five values 
of 0 viz, 5x  10“^ 10~*, 5 X 10~ ,^ !()-“ and 5 X 10~®
Substituting, X  ~   ^ ^ ’
ff)
we get, (Tf, =  I rffTg
e
/V'.
=  4 255x10
^ 600x10-15x^4 /3
(3)
With the help of equation (3), the elastic scaUcring cross-sectionB have been 
calculated for IT(02), AIJ(70), Pd(46), rir(24) and C(6). For (j> — 60 k v. and 5 
v’^ aliies of 5x  lO"!, 10“ ,^ 5x10"^, 1(J 5 x l0  ‘i radians Avhich are frequently 
used in electron microscopic work. The calculated cross-sections are contained 
ill Table I.
TABLE 1
Calculated values of elastic scattering cross-sections ((Tg) from Mohere’s equation 
for different elements and for different aperture angles, 0 is assumed to
be 60 k.v.
v> B 
in
in ,k V. radians
Elastic soattoring cross sootion Of in  10'-IH otn2
C Cr Pd Au IT
6 X 10-^ 1,51 0 60 22.84 47.01 57.03
10-“ 1..50 9.57 22.81 46.95 57.55
60 fixlO-s 1 26 8 87 21.09 45.31 55.73
10-2 0.89 7.96 18.99 41 05 50.94
6 X 10-2 0.15 1 83 5.67 14.27 18.46
I)) JiJkistic Scattering According to Lenz.
According to Lenz, the differential elastic scattering cross-section per unit 
solid angle is given by.
dcr, ^  4 Z 2 __ _
da
... (4)
where,
252
=  2n0 . dd 
=  0.528 X 10-8 cxii.
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«aiid,
Hubfitiiutiufr,
2tt0
 ^=r
A ^  12,3x10-8
(ior, =  - BdO
a^2 {q^+\jR^)^
477.2^ 2 4^ 2
f/“ — a:, 1.0., - - „ — x\ =  dx.A2
.'. 0  ^ dB — --- . dx.
d<T^
87t2 ■
SttZ  ^ A“ dx
( 0 )
^  _  r  r  dx
" 7ra^ 2* ] (a :f  l/i?2)2 •
=  r __ _ j _  1 ^  J 1 \
' L {x-j-ljR'^) I najj^ \ q^-\-llR^]
TABLE II.
Elastic sciattcring cross-sections {erg) calculated from Lenz^s equation for different 
elements and for different aperture angles, ^  is assumed to be 60 k.v-
0 0
in
radians
E lastic scattering orOBB-soction ae lO-i^ om^
k.v. C Cr Pd Au U
5 X 10-4 0.83 5.26 12.40 26.71 31.50
io-» 0.83 6.26 12.49 25.70 31.49
60 5 X lO-a 0.80 5.18 12.39 26.66 31.32
10-2 0.73 4.97 12.06 26.08 30.80
6 X 10-3 0.18 2.20 6.68 15.80 20.11
With the help of equation (7), the elastic scattering cross-sections have also 
l)cen calculated for the above elements for ^ =  60 k.v. and different scattering 
iiiiglos. The calculated cross-sections are contained in Table IT.
The results for (Tg by Moliere (Table I) and Lenz (Table IT) are shown in figure
2. I t  has been found that the values of calculated from Moliere’s equation
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Fig. 'i. Inolustic cross-section duo to  Lenz for 60 k .v . oloctrons as a iunction  ol for e d if­
ferent olom ents
are almost double than  those of Lenz at small angles. The i.wo values become 
nearly equal a t an angle of 5 x 1 0 "“ radians. Tlic curves also indicate th at for 
angles less than about 5 x  10~® radians, the elastic cross-sections do not change 
a])j)rociably with aperture angles.
111. I N E L A S T I C  S C A T T E R  I N C  C R O S S - S E C T I O N
The atomic electrons will give rise to independent scattering as a rcsnll of 
vliicli they are either raised to a higher love] or ejected out ot their orbits. The 
cn’OHs-section of this inelastic scattering has been shown by Lenz as.
na
2A2R2Z
r  1 _  , . 1 1
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2\^R^Z  r  \ 1
ttV  ) 2(q^H2(q^Il^+l) («)
with the notations defined in equation (4).
With the holj3 of equation (8), the cross-sections for inelastic scattering have 
been calculated for U, Au, Pd, Cr and 0  for 5 values of and ^  =  60 k.v. The 
calculated cross-sections are contained in Table ITI.
TABLE II I
Calculated values of inelastic scattering cross-sections (o-J for different elemciiits 
for different aperture angles, 0 is assumed to be 60 k.v.
0
in k V.
0
in
radians
In elas tic  soatto ring  cross section  <y, in 10 -is  cm2
C Or P d Au u  \
.5X10-+ 2 .05 3 .66 4 .7 0 5 .96 6 .34
10-3 1 .67 3.0G 4.0.3 5 .06 5 .40
GO 5 x 1 0 -3 0 .8 0 1.66 2 .29 2 .98 3.20
10-2 0 .4 6 1.08 1 .56 2 .09 2 27
.5 X 10-2 0 .04 0 15 0 .26 0 .4 2  • 0 .48
Comparing figs.(2) and (3) it will be noticed th a t the inelastic cross-sections
Fig, 3. Elastic and Inolastio oross-soctions of Gold due to Moliere and Lonz for 
apertui'e angle 10~  ^ radians as a function of beam potential (p
for tho heavy metals Pd, Au and U are very small compared to the elastic cross- 
seotioiis. Only in the case of C and Cr, the inelastic cross-sections are comparable 
to the elastic cross-sections.
IV. V A R I A T I O N  O F  S C A T T E R I N G  C R O S S - S E C T I O N  
W I T H  B E A M  P O T E N T I A L
With the help of equations (3), (7) and (8), tho crosB-sectioiiB for elastic and 
inelastic scattering have been calculated for Au, the metal most frequently om- 
ployed for shadowing in electron microscopy for =  10~a radians and 4 values of 
(j) 40, 60, 80 and 100 k.v. The results are contained in Table IV, and are also
plotted in figure 4 as a function of the beam potential 0.
TABLE IV.
Calculated values of elastic (o-J and inelastic (o-J scattering cross-sections for 
Gold, for different beam potentials 6 is assumed to be 10 -2 radians.
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9
in
rad ians
S cattering  cross-section in  10“ i a cm 2
0 --------- ----------------------------------
Oe, Of fj 1
k.v . (Moliere) (Lenz) (Lonz)
40 cri.iis 38 68 3.02
10-2 60 41.0,'i 2.5 08 2 09
80 28 9H 18 .SI 1 40
100 21.89 14 26 1 01
It will be seen from figure 4 th a t for all voltages the inelastic, scattering cross- 
scilioii IS negligible compared to elastic cross-section for gold.
tig. 4. Contrast diagrem due to any thioknoss of C, Cr, Pd, Au and U—filmr 
for 60 k.v. ole ctrons and aperture angle 10“  ^ radians, assuming MoJiero’s 
equation of elastic oross-section and Lonz’s equation of inelastic 
crosB-aeotion.
V. C O N T R A S T  I N  E L E C T R O N  M I C R O G R A P H S  
A speoim en o f th ick n ess t  m ay bo supposed to  be divided in to  infinitesim al
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layers of thickness dt, it can then be shown th a t if I q be the incident beam inten­
sity and I, the transmitted intensity, we have the relation,
p-niv{0) . . .  (9)
where cr{0) is the total cross-section per atom for scattering above a limiting angle 
0, and 71 the number of atoms per unit volume of the specimen. 0 is defined by 
the objective aperture as shown in figure 1,
The contrast g m the image is determined by the difference between the inci­
dent and the transmitted beam expressed as the fraction of the incident beam 
and can be expressed as
9 — (-^ 0 ^t)l^ 0
— I — e~nm0) I
N
=  1 —C ^
TABLE V
Klomont 
iiiid atom ic 
num bor ‘Z ’
F ilm  ContraBt C on trast
th ickness ‘g’ in  per- ‘g’ in  per- 
‘i ’ m  A.U. oontage centage
(ae by  M oliere) (ae by I^ n z )
5 11 89 7.57
10 22 37 14 56
U(92) 15 31.60 21 02
20 39.73 27 .00  ,
25 46.90 32.52
•SO 53.22 37.63
5 12.01 7 .74
10 22.57 14 89
Au(79) 15 31 87 21.48
20 40 05 27.56
2t. 47 .24 33.17
30 .53.58 38.34
5 6 .85 4 .59
10 13.24 8 .98
Pd(4(i) 15 19.18 13.16
20 24.72 17.16
25 29.88 20 .96
30 34.68 24.59
5 3 20 2 .03
10 6 .28 4 .54
Cr(24) 16 9 28 ~ 6 .74
20 12.17 8 .89
25 14.98 10.99
30 17.69 13.03
5 0 .77 0 68
10 1 52 1 .34 .
C(6) 16 2 .27 2 .01
20 3 .02 2 .6 6
25 3 .76 3 32
30 4 .50 3 .97
( 10)
where N  — Avogadro number,
A =  Atomic weight
p — Density of scattering substance in gra. oin“® 
t — Thickiiess in cm.
and, cr[0) =  total integral scattering cross-section between d ~  co.
With the help of equation (10) and the previously calculated values of (T^ {0) and 
(T-(0), the contrasts corresponding to different film thicknesses are estimated taking 
both the elastic and inelastic scattering cross-sections into consideration. The 
L'osults are contamed in the Table V. Column 3 of this table shows the 
calculated values of contrasts based on the cross-section due to Molioro, while 
I'olumn 4 contains the values of contrast to be expected if Lenz equations are valid. 
Figures 5 and 6 show the contrast values for the elements most frequently used 
m shadow-casting. These diagrams are the plots of the results contained in Table 
V with ff in per cent taken as abscissa and the corresponding film Ihii^kriess in 
Angstroms taken as ordinate.
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thioknoaB of C, Cr, Fd , Au and 
tr—films for 60 k.v, electrons and 
aporture angle 10 radians, assu­
ming Lena’s equations of elastic 
and inelastic cross-sections.
VI. D I S C U S S I O N S
Contrast in the image of an electron micrograph is influenced, in addition to 
the scattering, by such factors as (a) the spherical aberration of the objective lens
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which depends on the angular aperture of the objective, (b) voltage sensitivity of 
the photographic plate used in recording the image. For the lowest values of the 
aperture angles, the effect of aberration 6^) is negligible and if one decides 
to work at a fixed aceelorating beam potential then obviously the effect of the 
beam potential on the photographic response need not be considered, So these 
two factors have been neglected in the present communication; only the effect 
of scattering of electrons by the specimen has been considered which is the main 
source of the production of contrast in electron micrograph.
In  the light of the results jiresonted in the paper, it is found th at if 10% con­
trast is considered adequate for good representation, then the thicknessos 
of metals required are given in Table VI.
TA B LE V I I
M etal an d  atom ic 
num ber ’Z ‘
F ilm  thiokness 
in  A.U.
from 
fig. (.5)
from
fig. (fi)
U ranuim — 92 4 1 fi 7
Gold— 79 3 8 6 .2
P alladium — 46 9 8 U  0
Chrom ium — 24 16 2 22 .0
Hence from the accurate measurement t)f contrast with thm  films of heavy 
elements a t the lowest value of the aperture angle and a t a fixed accelerating heain 
potential it should he possible to find the relative merits of the two formulations.
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